The food-borne pathogen Listeria monocytogenes is a ubiquitous soil bacterium with the potential to contaminate fresh produce during cultivation and postharvest processing. In order to identify potential mechanisms by which L. monocytogenes may successfully attach to and colonize fresh produce, gene expression in L. monocytogenes cells inoculated onto fresh-cut cabbage was compared to gene expression in cells grown under control conditions. Differential display of reverse transcriptase PCR fragments amplified with a set of 81 arbitrary primers allowed the isolation and identification of 32 L. monocytogenes gene fragments that were observed to be more highly expressed under cabbage-associated conditions. Genes involved in carbohydrate, amino acid, and nucleic acid metabolism, motility and cell division, and transport were identified, as were a number of open reading frames (ORFs) encoding putative proteins with no known functions. Site-directed mutations in two ORFs encoding potential cell surface-associated proteins and a third ORF encoding a putative regulatory protein had no effect on the mutants' capacity to attach to fresh-cut cabbage. Although this study did not show clearly the impact of the differentially expressed genes on growth on cabbage, it is a first step in identifying some of the genetic factors that are potentially involved.
Contamination of fresh-cut produce by Listeria monocytogenes is a great concern for both consumers and food processors. In the United States, there are approximately 2,500 cases of listeriosis per year, which result in about 500 deaths (21) . The disease is systemic and can result in severe complications, such as septicemia, liver failure, meningitis, and abortion, in susceptible individuals (29) . This gram-positive, facultatively intracellular pathogen is a saprophyte in its natural soil and agricultural niche, from which it can contaminate both plants and animals (5, 33) . L. monocytogenes also grows well in food processing environments due to its ability to grow at refrigeration temperatures and its ability to survive within biofilms that can resist sanitation procedures. These abilities allow postharvest contamination of food (14) .
The first recognized instance of human listeriosis due to food contamination was a 1981 outbreak caused by contaminated coleslaw, which resulted in 41 cases and 18 deaths. The contamination was traced to a cabbage field on a farm known to have had cases of ovine listeriosis (30) . An understanding of the physiology of L. monocytogenes when it is in association with plants may lead to better methods of eliminating it from the food supply. Toward that end, we set out to study the gene expression of L. monocytogenes in a fresh-cut cabbage system. We compared cDNA from L. monocytogenes grown in medium to cDNA from L. monocytogenes grown with cut cabbage, using a differential display method following reverse transcriptase PCR (RT-PCR), to identify genes that were upregulated when L. monocytogenes was grown in association with cabbage and in cabbage-associated bacteria. In an attempt to characterize L. monocytogenes growth and attachment to cabbage, several of the genes identified were selectively mutated in an attempt to determine their effects on growth and/or attachment in the produce environment.
MATERIALS AND METHODS
Bacterial strains and media. L. monocytogenes strain 10403 (11) and derivatives of this strain were grown in brain heart infusion medium (BHI) (Difco, Becton Dickinson, Franklin Lakes, NJ) or Listeria minimal medium (LMM) (26) . RM2980 is a strain 10403 derivative that has an insertion of transposon Tn917-LTV3 into an unknown gene within a flagellar biosynthetic operon, which results in a mutant that has no flagella and is nonmotile (12) . L. monocytogenes colonies were isolated and enumerated on modified Oxford agar (MOX) (Difco), which inhibits gram-negative bacteria and many gram-positive bacteria. These media were supplemented with erythromycin (1 g ml Ϫ1 ) and lincomycin (25 g ml Ϫ1 ), with chloramphenicol (15 g ml Ϫ1 ), or with kanamycin (40 g ml Ϫ1 ) when necessary. Escherichia coli strain DH10B (13) was used as a host for general cloning, and E. coli strain S17-1 (31) was used for conjugative transfer of plasmids into L. monocytogenes. E. coli strains were grown on LB medium (Difco) at 37°C, and this medium was supplemented with ampicillin (100 g ml Ϫ1 ), chloramphenicol (15 g ml Ϫ1 ), kanamycin (40 g ml Ϫ1 ), or erythromycin (300 g ml Ϫ1 ) when necessary.
Preparation of L. monocytogenes total RNA. L. monocytogenes strain 10403 was grown overnight at 25°C in BHI. To isolate total RNA from cells expressing plant-associated genes, cultures were pelleted by centrifugation and washed once by resuspending them in an equal volume of sterile phosphate-buffered saline (PBS) (150 mM NaCl, 10 mM sodium phosphate; pH 7.2). Cells were diluted 1:1,000 in sterile PBS, and 20 ml of the cell suspension was added to 50 g of shredded green cabbage in polyethylene 1-qt bags (Ziploc). The cabbage was purchased at a local grocery store and used within 2 days of purchase. The outer four leaves were removed, and the cabbage was shredded into strips that were approximately 3 to 6 mm wide. The liquid was dispersed so that all the cabbage was wetted by the cell suspension, and the bags were incubated for 16 h at 25°C.
The cabbage was washed three times with 50 ml of PBS, and attached L. monocytogenes cells were removed with 50 ml of fresh PBS by sonication for 15 min in an ice-water bath (Aquasonic model 75T; VWR Scientific Products, West Chester, PA). Bacteria were recovered by centrifugation, and the cell pellets were stored at Ϫ70°C until they were used.
The L. monocytogenes cultures used for isolation of control RNA consisted of PBS-washed cells diluted 1:1,000 in LMM and incubated for 16 h at 25°C without shaking. Twenty-milliliter cultures were then pelleted by centrifugation, resuspended in 50 ml PBS, and added to shredded green cabbage that had been incubated for 16 h at 25°C without inoculation. Samples were immediately sonicated on ice for 15 min to mimic the experimental conditions described above. The cell suspension was removed from the cabbage and pelleted by centrifugation. The cell pellets were stored at Ϫ70°C until they were used.
Cell pellets were resuspended in 100 l of Tris-EDTA buffer containing 3 mg/ml lysozyme and 20 U each of HPL118 and HPL511 recombinant bacteriophage endolysins (18) and incubated at room temperature for 10 min. RNA was isolated using an RNeasy Mini kit (QIAGEN, Inc., Valencia, CA). Residual DNA contamination in RNA samples was removed by heating the samples to 95°C for 3 min and cooling them on ice to denature any DNA-RNA heteroduplexes, followed by treatment with DNase (DNA-free; Ambion, Austin, TX). RNA samples from three independent preparations were combined to minimize the variability, diluted to a concentration of 0.1 g/l, and stored at Ϫ70°C until they were used.
RT-PCR. A set of 81 oligonucleotide primers was used for RT-PCRs, as described by Brzostowicz et al. (7) . The primer sequences were 5Ј-GGTACGG GCATTCnnnn-3Ј, where n is A, G, or C. The 5Ј 13-mer portion of each primer was designed to minimize annealing to rRNA sequences in L. monocytogenes. RT-PCRs were performed using a ProSTAR HF single-tube RT-PCR kit (Stratagene, La Jolla, CA). Briefly, each 25-l reaction mixture contained 15 pmol of a single primer, 0.1 g of total RNA, each deoxynucleoside triphosphate at a concentration of 0.2 mM, 2.5 l of 10ϫ HF RT-PCR buffer, 1.25 U of StrataScript reverse transcriptase, and 1.25 U of TaqPlus Precision DNA polymerase mixture. Each primer was used in combination with total RNA from control and induced L. monocytogenes cells. The RT-PCR program was as follows: 37°C for 30 min for reverse transcription; 95°C for 1 min, 37°C for 5 min, and 68°C for 5 min for second-strand synthesis; and 40 cycles of 95°C for 30 s, 52 to 59°C (depending on the calculated melting temperature of the primer) for 30 s, and 68°C for 2 min.
Identification of differentially expressed genes. The results of RT-PCRs with control and induced RNAs were analyzed side by side following electrophoresis on 5% polyacrylamide Tris-borate-EDTA gels and staining with SYBR Gold nucleic acid stain (Molecular Probes, Eugene, OR). Amplified DNA fragments that were present in reactions with induced RNA but absent in reactions with control RNA were reamplified from gels using the "bandstab" method (36) . Briefly, each of these fragments was stabbed from the differential display gel with a gel-loading pipette tip and swirled in a 25-l PCR mixture containing the same primer used for RT-PCR of the fragment. Reamplified fragments were cloned into pDRIVE (PCR cloning kit; QIAGEN). Cloned fragments were sequenced with the M13(-20) and M13R sequencing primers. Sequences were identified based on alignment with the L. monocytogenes strain EGD-e genomic sequence using the ListiList database tool (http://genolist.pasteur.fr/ListiList/index.html) (23) . In cases where amplified fragments resulted from RNA from non-Listeria cabbage-associated bacteria, sequences were identified by similarity to sequences in the GenBank database using the BLASTN and BLASTX programs (1) at the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih .gov/BLAST).
Real-time RT-PCR. For real-time RT-PCR RNA was prepared as described above. The primers used are shown in Table 1 . Each real-time RT-PCR mixture (total volume, 50 l) consisted of 25 l of 2ϫ SYBR Green PCR master mixture (Applied Biosystems, Foster City, CA), 0.1 g of total RNA, 25 pmol of the Construction of mutant L. monocytogenes strains. Primers used for construction of mutant L. monocytogenes strains are shown in Table 1 . A BamHI restriction fragment containing the erythromycin resistance cassette (Em r ) from pAUL-A (28) was constructed by digesting pAUL-A with ClaI and KpnI and cloning the resulting 2-kb fragment into pBluescript SK(ϩ) (Stratagene). To construct an insertion mutant with a mutation in open reading frame (ORF) lmo0160, the full-length ORF was PCR amplified with primers lmo0160 5ЈfB and lmo0160 3ЈrB, both of which contained a BamHI restriction site, and cloned into pDRIVE (QIAGEN), resulting in pDR0160. The central portion of the lmo0160 ORF was deleted by performing inverse PCR (Expand Long Template PCR kit; Roche, Indianapolis, IN) using primers lmo0160 5ЈrG and lmo0160 3ЈfG, both of which contained a BglII restriction site, followed by digestion with BglII and self-ligation, resulting in pDR0160⌬. The Em r BamHI cassette was then cloned into the BglII site, resulting in pDR0160⌬::Em r . The lmo0160⌬::Em r fragment from pDR0160⌬::Em r was excised as a BamHI fragment and cloned into pCON1, which carried a chloramphenicol resistance marker (3). The resulting plasmid, pCON0160⌬::Em r , was transformed into E. coli strain S17-1 for conjugation. Similar plasmid constructs for mutagenesis of the ORFs lmo2678 and tcsA were made by using the same methods that were used for lmo0160.
For conjugation, cultures of L. monocytogenes 10403 and E. coli S17-1 harboring each mutagenic construct were grown to the mid-exponential phase (optical density at 600 nm [OD 600 ], 0.5). Five hundred microliters of each culture was mixed, pelleted by centrifugation, and resuspended in 50 l of BHI. Cells were spotted onto BHI agar, allowed to dry, and incubated at 30°C overnight. Cells were then scraped off the agar and resuspended in 1 ml of PBS. Aliquots (100 l) were spread on MOX (since E. coli does not grow on this medium) containing erythromycin, lincomycin, and chloramphenicol and incubated at 30°C to select for maintenance of the temperature-sensitive pCON1-derived plasmid. L. monocytogenes transconjugants were plated on the same medium and shifted to 42°C to select for integration of the plasmid by a single recombination event. Colonies arising on these plates were subcultured on MOX containing erythromycin and lincomycin and incubated at 30°C to allow a second recombination event, which excised the vector portion of the plasmid. Recombinant L. monocytogenes strains were confirmed by PCR using, for example, primers lmo0160 5ЈfB and lmo0160 3ЈrB to demonstrate replacement of the parental ORF with the engineered fragment containing an internal deletion and insertion of the 2-kb Em r fragment.
Cabbage colonization assays. Cultures of L. monocytogenes parental and mutant strains were grown in 10 ml of LMM for 16 h at 28°C. Cells were pelleted by centrifugation and resuspended in 35 ml of sterile PBS. For each experiment, the OD 600 s of the parental and mutant cell suspensions were adjusted to 0.1, and 10 ml of each cell suspension was added to 25 g of shredded green cabbage in a 1-qt polyethylene bag (Ziploc). The inoculating cell suspensions were enumerated by dilution plating on MOX. Inoculated cabbage samples were incubated for 16 h at 25°C. Cabbage samples were washed three times with 50 ml of PBS, and colonizing bacteria were removed with 50 ml of fresh PBS by sonication for 15 min in an ice-water bath. Recovered L. monocytogenes cells were enumerated by dilution plating on MOX. For single-strain tests, colonization of cabbage by mutant strains and colonization of cabbage by the parental L. monocytogenes strain were compared following recovery of bacteria from cabbage samples inoculated with individual cell suspensions. For competitive colonization assays, cell suspensions of the parental and mutant L. monocytogenes strains were adjusted so that the OD 600 s were equal, and equal volumes were mixed before the OD 600 of the inoculum was adjusted to 0.1. Inoculated and recovered cell suspensions were dilution plated on MOX and MOX containing erythromycin and lincomycin in order to enumerate total and mutant L. monocytogenes cells, respectively. In these experiments, the number of wild-type cells recovered was calculated by subtracting the number of CFU recovered on MOX with erythromycin and lincomycin from the number of CFU recovered on plain MOX. Each experiment consisted of three replicate samples for each strain, and each experiment was performed at least twice.
To determine if the mutants had defects early in the attachment process, we measured short-term attachment to cut cabbage. Cultures were grown in LMM at 28°C, and the OD 600 was adjusted to 0.1 with PBS. Forty microliters of cell suspension was added to 50-ml polypropylene, disposable centrifuge tubes that contained 10 g of shredded cabbage in 20 ml of PBS. The tubes were placed on their sides in a plastic tub that was placed on a Belly Dancer shaker (Stovall Life Science, Inc., Greensboro, NC) at the maximum setting on a bench top. The tubes were incubated for 4 h, after which the liquid was removed and the cabbage was washed three times with 50 ml of PBS. Attached bacteria were removed with 50 ml of fresh PBS by sonication for 15 min in an ice-water bath and were enumerated by dilution plating onto MOX.
RESULTS

Differential display of L. monocytogenes gene expression.
Each RNA sample was randomly amplified by RT-PCR, and reaction pairs were run in adjacent wells on polyacrylamide gels ( Fig. 1 ). RT-PCR fragments that appeared to be unique or more abundant in lanes corresponding to reactions containing cabbage-associated RNA than in lanes corresponding to reactions containing control RNA were interpreted as a reflection of increased expression of genes encoded on the fragments. Of 145 RT-PCR fragments identified on differential display gels as fragments that were upregulated under cabbage-associated conditions, 81 were sufficiently resolved to allow reamplification using the same arbitrary primer that was used for the RT-PCR. Forty-six of these reamplified fragments were cloned and sequenced, and 32 of them were 97 to 100% identical to sequences present in the sequenced L. monocytogenes strain EGD-e genome (13) . The remaining 14 fragments were homologous to genes from plant-associated bacteria, including Pantoea, Pseudomonas, and Erwinia species.
Identification of differentially expressed genes. Table 2 shows the L. monocytogenes genes identified by sequence analysis of cloned RT-PCR fragments, organized by putative operon function. Fragments of several genes related to nucleic acid and amino acid biosynthesis and metabolism were identified, including 23S rRNA genes, which were identified from three independent RT-PCR fragments. Genes for pyrimidine biosynthesis (pyrAB and pyrC) were cloned on different RT-PCR fragments. Other genes identified in this category encode DNA polymerases, endonuclease IV, threonyl-tRNA synthase, and ribosomal proteins.
Three RT-PCR fragment clones contained sequences iden- tified as genes associated with carbohydrate metabolism. These included pgi, encoding glucose-6-phosphate isomerase, a glycolytic and gluconeogenic enzyme. Other RT-PCR fragments in this category showed sequence identity to ssrA, encoding a ribozyme involved in tagging improperly folded peptides for degradation, and to the ORF lmo1726, encoding a putative protein with an unknown function. These fragments were included in this category based on context. ssrA is located in an intergenic region downstream of two putative glycosidase genes and upstream of a putative transcription regulator with an unknown function, and lmo1726 occurs downstream of three ORFs with sequence similarities to ␤-glucosidase, cellobiose phosphorylase, and a LacI family transcription regulator. Both ssrA and lmo1726 are potentially cotranscribed with their surrounding ORFs, although the structure of each transcription unit is unknown.
Several RT-PCR fragments were related to motility and cell division, including fragments of operons encoding flagellar structural and assembly proteins. Also included in this category were two fragments, one containing lmo1543, encoding a putative RNase G homolog, which occurs downstream of (and may be cotranscribed with) several cell shape-determining protein homologs, and the other containing lmo2689, encoding a putative Mg 2ϩ transport ATPase, upstream of two ORFs encoding proteins with similarity to cell division protein FtsW.
Several transport operons were identified in the cloned sequences, including an ATPase-type K ϩ transporter, which was identified in two independent RT-PCR fragments. The other transporters included a putative ABC-type sugar transporter, a putative ABC-type oligopeptide/pheromone transporter, a putative amino acid transporter, and a putative Na ϩ /H ϩ antiporter system involved in pH homeostasis. Also included in this category was an RT-PCR fragment with sequence similarity to lmo1999 and lmo1998, encoding putative glucosaminefructose-6-phosphate aminotransferase and opine catabolism proteins, respectively, which are located in an operon encoding Hypothetical secreted protein lmo0770
Lacl family transcription regulator lmo0998 Unknown a The ORF designations correspond to those assigned for the L. monocytogenes strain EGD-e genome sequence, as shown in the ListiList database web server (http://genolist.pasteur.fr/ListiList/index.html). a putative mannose-specific phosphotransferase transport system. Interestingly, tcsA, a putative lipoprotein gene, which is located upstream of the putative ABC-type sugar transporter gene, encodes a protein that functions as a T-cell-stimulating antigen, suggesting that it is cell surface bound.
A number of differentially displayed RT-PCR fragments contained sequences with homology to genes having unknown functions. ORFs lmo0770 and lmo0998 appear to be transcribed divergently from adjacent genes that also have no known functions, and lmo0160 appears to be transcribed as a monocistron, so no functional data for these genes can be discerned by their context. ORF lmo0528 occurs downstream of a gene encoding a putative transmembrane protein with an unknown function and upstream of a gene encoding a putative glucosaminyltransferase homolog. ORF lmo0449 occurs downstream of genes encoding putative proteins with homology to penicillin acylase and to conjugated bile acid hydrolase (lmo0446), a putative glutamate decarboxylase (lmo0447), and a putative amino acid antiporter (lmo0448).
Confirmation of differential expression. Real-time RT-PCR was performed with a subset of the genes identified by differential display to measure the extent to which they were differentially expressed under the two growth conditions. The genes selected for real-time RT-PCR are shown in Table 3 . PCR primers ( Table 1) were designed using the genomic sequence of each identified ORF to amplify a Ͻ500-bp fragment, and relative fluorescence due to incorporation of SYBR Green into each PCR product was measured relative to the RNA sample type. As shown in Table 3 , 9 of the 10 genes assayed by real-time RT-PCR showed a decrease in the number of cycles needed to reach a threshold fluorescence level in samples containing RNA from cabbage-associated L. monocytogenes cells relative to samples containing RNA from control cells. The difference in the number of cycles needed to pass the threshold level between sample RNAs for each gene ranged from Ϫ0.2 to Ϫ12.5, indicating that there were differences in the extent of differential expression of each gene under the two conditions tested. Thus, with the exception of lmo0528, increased expression of these genes as determined by randomprimed RT-PCR and differential display was corroborated by real-time RT-PCR using gene-specific primers.
Cabbage colonization by site-directed mutants. The capacity of mutants with mutations in lmo0160, lmo2678, and tcsA to colonize cut cabbage was compared with the capacity of parental L. monocytogenes strain 10403, using both single-strain assays and competitive assays in which mutant and parental strains were coinoculated onto cabbage samples. In addition to these mutants, we also tested RM2980, a flagallar mutant found in a previous study to be 1-log reduced in attachment to cut radish tissue (12) . The results of 16-h colonization assays (Table 4 ) indicated that none of the mutants were impaired for colonization of cabbage surfaces compared to the parental levels, either singly or in competition with wild-type L. monocytogenes. In single cultures, approximately 7 log CFU/g of each strain was recovered. In mixed cultures, 6.2 to 7.8 log CFU/g was the range recovered; however, the results were consistent since the ratio of mutant cells to wild-type cells recovered was approximately 1:1. Since no differences were discerned with 16 h of incubation, short-term assays were used to determine whether mutant cells were impaired in the initial stages of colonization compared to parental cells. Again, the results of these assays (Table 4 ) showed that the mutations in the genes examined did not alter the initial colonization capacity of the mutants compared to the parental strain, and approximately 3 log CFU/g was recovered for all strains.
DISCUSSION
While L. monocytogenes is best known as a food-borne pathogen, in nature it lives in association with plants and decaying plant tissue, and little is known of its physiology in this environment. The capacity of this organism to grow in a freshcut produce environment, including cabbage, has been well documented (4, 8, 10, 16, 25) . We used a differential display method that compared the transcription of L. monocytogenes in two different environments: growth on plant tissue and growth in minimal medium. To our knowledge, this is the first assessment of L. monocytogenes transcription in a complex .................................................................... 7 .............................................................. (35) . Other studies that showed a snapshot of transcription or global protein expression by L. monocytogenes, including studies of biofilm versus planktonic cells, studies of cells after acid exposure, at low temperature, and during salt stress, studies of wild-type and rpoN mutant cells, studies of virulence gene expression controlled by the major virulence gene regulator prfA, and studies of cells in transition from exponential growth to the stationary phase, have been done with pure cultures in medium (2, 9, 15, 17, 22, 32, 34) . Some of these studies identified genes or operons similar to those found in our study, and they are mentioned below.
On a plant surface either in soil or in fresh-cut produce, L. monocytogenes must interact not only with the plant tissue but also with other bacteria. When control and cabbage-associated RT-PCRs with any given primer were compared (Fig. 1) , the resulting band patterns were practically identical, indicating that the RNA preparations from the two different environments were of comparable quality. While RT-PCR fragments arising from contaminating bacteria were isolated, the majority of the fragments that were analyzed resulted from L. monocytogenes.
While the genes identified in this screening were not an exhaustive list of every gene induced under plant growth conditions, the method did provide a snapshot of genes induced in the cabbage growth and attachment milieu. Under the conditions examined, distinctions could not be made between genes upregulated as a result of cursory surface attachment and genes upregulated due to tight, specific interactions, although we attempted to minimize the contribution from the former via extensive washing and sonication. Many of the genes identified did make sense when we compared bacterial transcription for two different growth environments, minimal medium and cut cabbage. The nutrients available for growth in the cabbage system are in the form of organic acids, monosaccharides, peptides, and amino acids as a result of leakage from the damaged portion of the cabbage tissue, since these compounds are known to be in exudates from roots and cut produce (19, 24) . L. monocytogenes can use sugars as carbon sources, and while it is unable to hydrolyze whole proteins for growth, studies have shown that it can scavenge peptides from proteins hydrolyzed by other bacteria, such as Pseudomonas spp., which were present in the system (6, 20) . It would be expected that multiple transporter systems for various growth substrates would be induced to aid the cell in using the available nutrients. The transporters induced included a mannose-specific phosphotransferase system, a sugar ABC transporter, and potassium and peptide transporters. The sugar transport systems would be induced in response to the presence of new carbon sources resulting from degradation or scavenging of cell wall components (15) . The source of the sugars could be either L. monocytogenes, the other bacteria present, or the cabbage cells themselves.
Several biosynthetic genes were identified; these genes included genes for amino acid production, possibly indicating that the concentrations of the amino acids in the growth envi-ronment were low. pheA is needed for phenylalanine biosynthesis, and aspartate semialdehyde dehydrogenase is involved in the synthesis of aspartate, which is needed for the biosynthesis of isoleucine, leucine, threonine, and methionine. Additionally, two genes involved in pyrimidine biosynthesis, pyrAB and pyrC, were induced under cabbage growth conditions. In addition to pyrimidine biosynthesis, pyrAB, which catalyzes the formation of carbamyl phosphate, is also used in the formation of arginine from glutamic acid. In other studies, amino acid biosynthetic genes were also found to be induced in L. monocytogenes upon salt stress (9) , indicating possible adaptation to either stress and/or a new environment.
One of the induced genes was lmo2381, which is part of an operon involved in pH homeostasis. The experiment as it was set up was only weakly buffered, and with the metabolic activity of normal cabbage-associated bacteria, the pH was likely reduced during the 16 h of incubation, meaning that this stress had to be dealt with. Another possible indication of cellular stress was the induction of the mannose-specific phosphotransferase system (as mentioned above). This operon, which was recently shown to be downregulated in an rpoN mutant (2), was also induced by L. monocytogenes during intracellular growth in J774 macrophages (35) , in response to salt stress (9) and glucose starvation (15) , indicating that some of the L. monocytogenes population may have been stressed in the cabbage growth environment. However, none of the classic stress response genes (such as groEL or dnaK) were identified, as in previous studies of L. monocytogenes during salt or cold stress (9, 17) .
It is possible that the cultures in the two environments were in different stages of growth. The control culture was most likely in the late exponential or early stationary phase when it was harvested, but in the cabbage-grown cells it is possible that there were different cell populations (e.g., attached and planktonic cells or logarithmic and stationary-phase cells). There was an indication, however, that L. monocytogenes was actively growing because of the upregulated operons that are important in metabolically active and growing cells. Actively growing cells express higher levels of the machinery for DNA replication, protein synthesis, and cell division, which includes the genes identified, such as polA, dnaE, thrS, and ftsW, as well as genes involved in RNA degradation (RNase G) and the degradation of incomplete polypeptides (ssrA). The induction of the glycolytic/gluconeogenic enzyme pgi is also an indication that the cells were metabolically active. In other studies, glycolytic enzymes were induced in L. monocytogenes during salt stress (9) and in the presence of glucose when the cells were in a biofilm (15) , both of which are conditions in which the cells would be adapting to new environments.
Interestingly, several of the classes of genes identified in this study have been shown to be essential for the colonization of plants by saprophytic Pseudomonas spp. and Rhizobium meliloti. Genes important for motility and for amino acid, vitamin, and nucleotide biosynthesis have been shown to be important for colonization of legumes by R. meliloti and colonization of tomato by Pseudomonas fluorescens (19) . Genes involved in nutrient acquisition and a stress response were induced in P. fluorescens in the rhizosphere (27) . While the growth environment that we provided for L. monocytogenes contained freshcut cabbage rather than cabbage plants in soil, it is interesting VOL. 71, 2005 L. MONOCYTOGENES GENES INDUCED ON CABBAGE that a similar battery of genes (nutrient transport, amino acid biosynthesis, motility, pH homeostasis) was induced in L. monocytogenes upon entrance into a plant environment. Since L. monocytogenes is a natural soil organism and a natural saprophyte, it might be expected that it would interact with plants in a fashion similar to that of bacteria that are normally thought of as being plant associated. We selected genes for mutation based on the extent of their differential expression, as shown by real-time RT-PCR (tcsA) ( Table 3) ; the potential for the gene product to be surface associated and thereby be involved directly in attachment to the cabbage tissue (lmo0160 and tcsA); or the potential for the gene product to have a regulatory function, indicating a possible regulatory cascade in response to the plant environment (lmo2678). None of the strains with mutations in these genes, however, were defective in the cabbage growth and attachment system, nor were they defective in a 4-h assay for cabbage attachment at the beginning of the growth process. In a previous study of L. monocytogenes defective in attachment to fresh-cut radish tissue, three mutants were obtained from a Tn917-LTV3 transposon library, and the greatest defect found was a 1-log reduction after 4 h for a mutant affected in flagellar biosynthesis (12) . Since genes important for flagellar assembly were identified in this study, we tested this motility mutant in the cabbage system and found that it was not affected in cabbage attachment or colonization. Flagella may not be a factor in cabbage attachment, at least not to the extent seen in radish attachment. Differences in the matrices may play a role, since the radish is a tuber and the cabbage consisted of leaf surfaces, and more cut surface was available for binding in the radish system described previously than in the cabbage system. It is also possible that the cabbage assay was not sensitive enough to detect small differences in attachment and colonization levels between strains. It is possible that a combination of mutations of the genes that we have identified may result in a defect in attachment or growth on cabbage, and this possibility is being explored. In addition, it is possible that genes cotranscribed with the genes selected for mutagenesis are more directly involved in the plant-microbe interaction.
During adaptation to growth in a plant environment, bacteria must be capable of growth on available nutrients, biosynthesis, and/or transport of necessary building blocks, such as amino acids and nucleotides, and of dealing with potential stresses, such as fluctuations in pH and osmolarity. The genes induced by L. monocytogenes in this growth environment seem to reflect the capacity to deal with all of these things. While the differential display method did allow us to identify several genes that are upregulated by the growth and attachment of L. monocytogenes to cabbage, the protocol would most likely not allow us to discern genes expressed at very low levels, especially if the genes were not well resolved or the levels were below the staining detection limit of the polyacrylamide gels. Other methods for providing a global snapshot of gene expression, such as DNA microarrays, would be more useful in this regard. However, the benefit of the differential display method is that the contribution to the RNA from other bacteria in the mixed bacterial population can be directly assessed and the contaminating genes can be removed from the analysis.
